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Abstract 
Using an impact parameter formulation, differential probability distributions and cross sec- 

tions for the production of lepton pairs via the photon-photon mechanism are calculated for 

relativistic heavy-ion collisions. The characteristic features of lepton pair production in disrup- 

tive as well as in non-disruptive A-A collisions are studied. Cross sections can be large, the very 

low k .-values of the pairs will help to distinguish these pairs from the ones originating from 

other sources like Drell-Yan or thermal production. 

1. Introduction 

Dileptons play a very important role in the diagnostics of the hot hadronic 
matter formed in relativistic heavy-ion collisions. There are various physical 
sources which contribute, like the Drell-Yan mechanism, preequilibrium pairs or 
thermal emission of lepton pairs from the quark-gluon-plasma. Many theoretical 
models have been and will be studied, see e.g. refs. [1,21. 

Soon after the discovery of the positron, the production of e+e- pairs in 
relativistic heavy-ion collisions via the yy mechanism was studied theoretically 131. 
Due to coherence, total cross sections for efe- production are large. This process 
has been studied more closely in recent years (see e.g. refs. [4-71). The study of the 
more differential aspects of lepton pair production in relativistic heavy-ion colli- 
sions via the yy mechanism is of continuing relevance. 

It is of special interest to investigate the dependence of the yy mechanism on 
the impact parameter b of the colliding nuclei: 

(9 In central, disruptive collisions with impact parameter b <RI + R, (the sum 
of the nuclear radii), coherent pairs are a potential background to the other 
mechanisms. 
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(ii) In non-disruptive collisions (i.e. b > R, + R2), the yy process can be studied 
in its pure form. 

In sect. 2 the impact parameter formulation of the y-y process is given in detail. 
A brief outline of this method was given in ref. 181. In order to expose clearly the 
b-dependence of the process and also to simplify numerical calculations it is found 
advantageous to work with impact-parameter-dependent equivalent photon spec- 
tra. This is in contrast to the usual theoretical framework for y-y processes in 
e+e- collisions (see e.g. ref. [9]). In the usual quantum-mechanical plane-wave 
approach the impact parameter of the system does not appear explicitly. This is a 
problem for the distinction between disruptive and non-disruptive collisions which 
occur in the heavy-ion case. The impact-parameter method was first formulated in 
ref. [lo] and numerical calculations were done in refs. [ll-141 along these lines. 

The impact parameter dependence of Higgs-production via the yy mechanism 
is also studied in ref. [El. A recent summary of electromagnetic pair production is 
given in ref. [16]. 

In sect. 3 our numerical results are given and discussed. In principle any 
y-y-induced process including angular distributions can be studied. We concentrate 
here on lepton pair production at SPS, RHIC and LHC energies. Differential 
probability distributions and cross sections are calculated to show the main 
features of the process. We suggest a procedure for off-shell corrections in the 
equivalent photon approximation and study a smooth cut-off model for strong 
absorption effects. Our conclusions are given in sect. 4. 

2. Theory: impact parameter dependence of the yy process 

A recipe for the calculation of y-y processes in the impact parameter formula- 
tion was given in ref. [lo]. The probability for a y-y +f process in a collision with 
impact parameter b can be obtained by folding the impact-parameter-dependent 
equivalent photon spectra N(w, b) in the following way: 

d2P 

II 

1 
= 

dw, dw, 
d2b, d2b2 62(b+b2-b1)N(w,, b,)N(w,, b,)- 

WlW2 

x (~0s~~ u,, + sir+ a,). (2.1) 

The equivalent photon spectra in the ultra-relativistic limit are given by 1171: 

Z2a2 @(x, b) 
N(w, 6) = - 

r2 b2 
(2.2a) 
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Fig. 1. View perpendicular to the direction of motion of the two ions. In a semiclassical picture the two 

equivalent photons of energy o1 and w2 collide in a point P with distance b, from ion 1 and b2 from 

ion 2. The impact parameter b is the distance between the colliding nuclei with radius R, and R,. 

with 

@(x, b) = Lmdu u’J,( u) 
f[-(x*+&)/b*] * 

x*+Z.L* 
> (2.2b) 

where x is the dimensionless scaling variable defined by x = ob/yu and f denotes 
the electromagnetic form factor of the (spinless) nucleus. The angle between b, 
and b, is denoted by cp (see fig. l), u,, and uI are the cross sections for parallel 
and perpendicular polarizations of the photons. 

The final state is characterized by its total four momentum k = (E, k I , kJ. It 
is related to the energy wi and o2 of the equivalent photons by k, = w1 - w2, 

&=W, +w,. The invariant mass A4 and the rapidity Y of the final systems are 
given by Mz 4w,o, and Y= iln(01/w2). 

It will now be shown how this formula is obtained within the semiclassical 
method. Actually the derivation of this formula appears to be quite involved, 
therefore we give the essential steps in the following. Up to now, transverse 
momenta were not considered. The present approach also allows a computation of 
transverse momentum distributions, as will be shown below. 

We consider the classical straight-line motion of two relativistic heavy ions with 
impact parameter b (see fig. 2). The electromagnetic fields accompanying the ions 
with charges Z, and Z, will give rise to y-y processes leading to a final state f 
with particles j of momentum pj. The sum of these momenta is given by 
k = _Zj ( fpj, the total four momentum of the final state. To a very good approxima- 
tion the electromagnetic potentials of the ultra-relativistic heavy ions can be 
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Fig. 2. Two relativistic heavy ions move on straight-line trajectories with impact parameter b. The 
equivalent photons with four-momentum q1 and q2 produce a final state f with total four-momentum 

k = ql+ 42. 

considered as external classical fields. They are given by (see e.g. ref. [18]): 

%L(s) =4,(q) +4,(q) 

+ gr2ez2f20S(q,y(2)) e-iq.bU,(2), 

cl* 

where I!.$:‘), i = 1, 2 are the four-velocities of the heavy ions. 
system where the ions move with opposite velocities in 
U(l) = (y 0 0 yu) and UC*) = (y 0 0 - yu). & 

Quite ‘geneially the amilitude’fo; the process yy +f can 

(2.3) 

We use a coordinate 
the z-direction, i.e. 

be written as [193 

(2.4) 

where e1 and l 2 denote the polarization vectors of the virtual photons. The total 
dynamical information of the process is contained in the tensor I’V~@Z. For the 
calculation of cross sections it is convenient to define a tensor WcL~lr*“l”* (see refs. 

[9,191) by 

(2T)4s(4)(ql + q2 - k)Mp’Y1M*CL2Y*, (2.5) 

where q1 and q2 are the four-momenta of the photons. The factor Nj/Ej is the 
normalization factor of particle j, i.e. Nj = $ for bosons and Nj = Mj for non-zero 
mass fermions. The summation over the polarizations and the integration over the 
phase-space of all particles belonging to f in eq. (2.5) is related to the yy total 
cross section in a well-known way [9,19]. 
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The matrix element of the process 

Z,+Z,+Z,+Z,+f(k) (2.6) 

producing a state f with total four-momentum k via the y-y mechanism is given by 

Si+f= // 

d4q, d4q, --(2~)~s’~‘(q~ +q2-k)Al~,l(ql)A2CL2(q2)M~‘IL2. 
(27r)4 (27r)4 

(2.7) 

The four-potentials Ail,, are proportional to the four-velocities Uif’ [see eq. 
(2.3)]. By using gauge invariance we can transform these vectors into vectors which 
are transversal, i.e. perpendicular to the z-direction. The gauge-invariance condi- 
tion in momentum-space reads 

A,(q) -+2,(q) =A,(4 + &PP (2.8) 

where A is a scalar function. The requirement of transversality leads in the 
ultra-relativistic limit to four-potentials (suppressing the tilde) 

fi(Si’) Y 
A,,(q) = -&T%Z,--- --G(qW)q,,; /_b = 1, 2. 

SF wi 
(2.9) 

With these transformed potentials we can write in the ultra-relativistic limit 

d4ql d4q2 4ZlZ2e2f1(q~~q') 

x6(q,U(‘))6(q2U’2)) e-iqZ’bq1~,q2,,M’l”12) (2.10) 

where the indices ~~ take the values 1, 2. 
The probability dP(b) to form a final state with total four-momentum between 

k and k + dk is given by: 

This can be expressed in terms of the tensor Ww~p~ylv~ [see eq. (2.511 as 

dP( b) = d4kjj-j-/ d4q, d4q2 d4q; d4q; SC4’( qr + qz - k) 

xSc4’( q; + q; - k)A,,1(q1)A2~L2(q2)AT,I(q;)A~“CYZ(q;)W~’~2”’”2 

(2.12) 



G. Baur, N. Baron / Coherent photon -photon processes 633 

The integrals over dq, and dqi3 can be carried out directly and we are left with 
integrals over transverse components only (we suppress the index I for qi in the 
following): 

= ds d2k, dk, 
(8a2)4(Z,Zze2)2 

2 2 
WI02 

x D-.i.i d2q,d2q2 d2q; d2q; S’2’(q1 + q2 -k.)S’2’(q; + 4; - k~) 

(2.13) 

In principle the tensor W~+~V~“~ depends also on the transverse kinematical 
variables; in the equivalent-photon approximation we neglect this dependence. 
The tensor WP1P*y~u2 can be expressed in terms of yy cross sections 19,191. 
Restricting ourselves only to transverse photons we obtain in the c.m. system of the 
photons (see eq. 5.7 of ref. [9]>: 

+ [ +( u,, - a,> + Ta] qlxq2x4yqh 

+ [+(a,, - UL) - T3]qlyq2AAy +x0 y}* 

(2.14) 

The transverse momentum distribution in c.m. coordinates of the photons can be 
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calculated from eq. (2.13). It may be expressed in terms of tensors Tij, i, j =x, y: 

I;:j 

=e ib.k, /2 d2q eib.q 

/ 

xf1[t-l ( w1 2+ 
Y 

+k.+q)2 f2 I ii 2 2+(fk, 
Y ) -4)2 (ik+4)i(~k1-Q)j 1 

[i ) : 2+(+kl+q)2 I[( ) -2 
2 

+ (3 I -q)2 

I 

(2.15) 

We expect a transverse momentum distribution which is sharply peaked around 
zero. This will be discussed in detail in sect. 3.1. 

Integrating over the transverse momentum k I we obtain 

dP(b) = d& dk, 
4( Z*z2e2)2 

~1~2 

X dzq, dzq2 d2q; d2q; ac4)( q1 + q2 - q; - 4;) eib’(qi-q2) 

(2.16) 

In order to show the equivalence to eq. (2.1) we introduce the vectors b, and 
b, = b, -b (see fig. 1). Replacing the a-function in eq. (2.16) by an integral and 
changing the integration leads to: 

dP(b) = ds dk, 
( Zlz2e2)2 1 

rr2 0102 

x _/j”d2b, d2b2 aC2)( b + b, - b,)j-j-j-/d2q, d2q2 d2q; d2q; 
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[(pr+q;j 

(2.17) 

The integrals over the transverse momenta can be carried out and the result can 
be expressed in terms of the equivalent photon spectra eq. (2.2a, 2.2b). 

In order to obtain eq. (2.1) from eq. (2.17) explicitly, eq. (2.14) is used. Taking 
into account that the integration over the transverse momenta in eq. (2.17) 
factorizes into four two-dimensional integrals and putting b, parallel to the x-axis 
for convenience, we are left only with integrals of the type (the integrals containing 
qlY and q;, vanish): 

‘{;] = ,d2q2eib*‘q2q2{:~ 
(“)’ /jjyj2+.jj. - +d 

Y 

(2.18) 

They can be evaluated using polar coordinates. We obtain 

(2.19) q2 dq ,w20)/[ ( ;)2+d]. 
q2+ $ i I 

Our results clearly establish the relation between the general eq. (2.11) and the 
impact-parameter-dependent equivalent-photon result eq. (2.1) and eq. (2.2a) 
given in ref. [lo]. We want to stress at this point that the equations of sect. 2 are 
valid in the ultra-relativistic limit, i.e. u B c. 

3. Numerical results and discussion 

In the main part of sect. 3 we restrict ourselves to coherent yy lepton pair 
production in ultra-relativistic heavy-ion collisions, namely the process 

z+z+z+z+1+1-. (3.1) 
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We concentrate on 208Pb-208Pb collisions at SPS, RHIC and LHC energies. Of 
course, our assumption of straight-line motion has to be critically examined for the 
case of central collisions. At RHIC and LHC energies, where one can largely 
expect transparency, the charges, which are responsible for the electromagnetic 
fields, essentially pass through each other and our assumption can be considered 
as a reasonable starting point. At lower energies, in the energy range of SPS, 
stopping effects will become important. This leads to bremsstrahlung pair produc- 
tion and a modification of the equivalent photon spectra. These points are 
currently being investigated [2Ol, but are beyond the scope of the present paper. In 
any case, it can be concluded from these investigations that our straight-line model 
is a reasonable starting point. 

3.1. Transverse momentum distribution 

In order to analyse the properties of the transverse momentum distribution of 
the created system, we rewrite eq. (2.13) in terms of a tensor 0,+cL2v,yz leading to: 

dP( 6) = d& dk, d2k I 
c3~2)2(w2e2)2 o 

2 2 Pl~L2”1~2 
WPLIPPI~Z~ 

OlW2 

The tensor O~,FL2y,y2 in eq. (3.2) is given explicitly by: 

@~IcL2”,yz(%~ w29 by k,) 

= 
/ 

d2q1 d2q2 d2q; d2q; S’2’( q1 + q2 - k ,J?(“)( q; + 4;. - k *) 

(3.2) 

Since the momentum distribution depends only on the angle between b and k i , 
we can put b, without loss of generality, into the direction of the x-axis. Using the 

symmetry of @~IILzy,v2 in the primed and unprimed variables and introducing 
another integration like in eq. (2.17) one can show: 

@P,w*~* =O forpL1=yVV1=y. (3.4) 



G. Baur, N. Baron / Coherent photon -photon processes 637 

With the tensor decomposition of W w+“*“* of ref. [9] we obtain (keeping only 
transverse photons) 

%LzVZ w~‘@“‘Vz = (@,,,, + Q,,,,)&r + f(@,,,, - @XyXy)w+r, (3.5) 

where W, = ;(a,, + u,)M* and WA = (a,, - a,)M2. We rewrite this expression 
in terms of the parallel and perpendicular cross sections which leads to 

@A+V,v* w@@2”‘“* = M*(OXXXXC,, + @,,,,a,). (3.6) 

For further calculations it is convenient to express O~,~‘2y,Vz in terms of the 
transverse momentum tensor ~j defined in eq. (2.15) 

@~,lr2&w,, ~23 by k,) = ~&h ~27 b, k.P$&+ ~27 b, k,). 

(3.7) 

We now treat the important case of central collisions, b = 0, explicitly. In this 
case the transverse momentum tensor qj may be written as 

T,j(wi, 027 b=O, k,) 

-4li41j 

2 

1 
7 

+ q:, + c?:y + k2, -2k 1q1.x 

(3.8) 

where we suppressed the corresponding form factors for convenience. It follows 
directly from eq. (3.8) that T,,(w,, w2, b = 0, k I) vanishes identically. Going back 
to eq. (3.6) we therefore find in the case b = 0: 

%~L2VZ WI”p’zy’y~ = M21 TX, 12u,, . (3.9) 

This result confirms our expectation that only (+,, (and not (+I or 7,) enters; this is 
also in agreement with eq. (2.11, where sin rp = 0 for central collisions (see fig. 2). 

In the following we explicitly calculate the transverse momentum distribution 
for the case of 208Pb-208Pb collisions. To show the basic properties of the 
transverse momentum distribution we treat the case b = 0 and Y = 0. For these 
conditions the denominator of the transverse momentum tensor eq. (2.15) can be 
written as (we suppress the index I of k I in the following and write wi = o2 = 01: 
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For the form factors entering the transverse momentum tensor we may choose for 
*08Pb (see ref. [21]): 

Q. = 60 MeV. (3.11) 

Introducing polar coordinates, the relevant transverse momentum tensor reads 
explicitly: 

T,+, b=O, k) 

1 w* 
= exp e,’ r [ ()I em 

k2 
-- 

4Q,’ I 

(3.12) 

The angular integration in eq. (3.12) can be carried out analytically, leading to two 
different types of integrals over q: 

-2rrexp[&(f)*] exp(-2 

m 

i[ i 

2 
- q3exp -?- 

0 Q,' 

I 
2 

k4* - k*q* 

I 

) dq]/[[(;r++k’+q*]: 

-k2q2 + [( w 2 -) +;k2+q2 
Y 

i-1’. (3.13) 

I 
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0.000 0.100 0.200 0.300 0.400 0.500 

k*(W 
Fig. 3. Dimensionless quantity ( 7”, I* [see eq. (3.1311 as a function of the transverse momentum k I of 
the produced system for ‘08Pb at b = 0 and Y = 0. The universal ratio o/r was set to 0.5 x lo-” GeV. 

In general these integrals can only be solved numerically. For k = 0 both integra- 
tions can be done completely analytically; the results were used as an additional 
check on the computer code. 

In fig. 3 the dimensionless quantity ( TX, I * is plotted against the transverse 
momentum of the created system for w/y = 0.5 X 10m3 GeV (this corresponds to 
an invariant mass of about 3.5 GeV at LHC energies and about 0.1 GeV at RHIC 
energies). From eq. (3.12) it is directly seen that the dependence of the transverse 
momentum tensor on this universal ratio is very weak for ik z+ w/y. The trans- 
verse momentum distribution shows a very strong decrease for increasing trans- 
verse momentum. For transverse momenta between 0.1 GeV and 0.5 GeV the 
transverse momentum distribution decreases about 30 orders of magnitude. The 
structure for very low values of the transverse momentum is due to a zero of TX, in 
this region. 

In the case of lepton pair production this behaviour makes it possible to 
distinguish coherent yy-produced pairs from thermal or Drell-Yan pairs. The 
transverse momentum distributions of these pairs are very broad in a range of 4-5 
GeV peaked around zero transverse momentum (see e.g. ref. 121). 

3.2. Coherent yy lepton pair production 

The basic relations for the treatment of coherent yy lepton pair production in 
ultra-relativistic heavy ion collisions are given by eq. (2.1) together with eq. (2.2a, 
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2%). For b = 0, eq. (2.1) can be written in terms of the invariant mass M of the 

yy system and its rapidity Y as (see ref. 181): 

d2P(M, Y, b = 0) 
=d2p M 

/ 
2+&M’) 

dM dY 
N(iM ey, p)N(fM e-y, p). (3.14) 

In principle in the equivalent-photon approximation (TV is the on-shell photopro- 
duction cross section for transverse photons uvv (Actually, (+,, should be used in eq. 
(3.14) instead of the unpolarized cross section, but in the case of dilepton 
production this effect is small and can be safely neglected.). For lepton pair 
production, especially for e+e- production, this on-shell approximation is not 
sufficient (see ref. [9] sect. 6). It is possible to correct a,,,, due to the off-shell 
character of the photons via a q2/M 2 expansion (see ref. 191 eq. (6.25)): 

a,(M2)=uyyy(M2) l- 

i 
, 

a = (4 - G>(m? - kz’> 
mfM2 

(3.15) 

The main contribution to the transverse momenta k, and k, is determined 
through the size of the colliding nuclei (see sect. 3.1). Therefore it is a good 
approximation to fix these momenta at 

k2= -$, (3.16) 

where R is the nuclear radius. Fig. 4 shows the off-shell correction function 
~~/a,,, for e+e- (full line) and for CL +p - (dashed line) production as a function 
of the invariant mass M of the y-y system in the case of 208Pb-208Pb collisions. For 
invariant masses below 1 GeV, fig. 4 shows the importance of the off-shell 
correction in the e+e- case. In the I.L+I.L- case remarkable off-shell effects set in 
only below 0.5 GeV. This clearly indicates the dependence of the off-shell effects 
on the ratio M2/mf mentioned in ref. [9]. For large invariant masses M the 
off-shell correction function tends to one. 

It is well known [6,11] that there is a very large cross section for the production 
of e+e--pairs close to the threshold, M = 2m, = 1 MeV. For every heavy system, 
this leads to problems with lowest-order perturbation theory [7]. It was shown in 
ref. 1221 (see also ref. [23]) how this problem can be solved by summing a subset of 
diagrams to infinite order. This problem is not relevant in the present context. 
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Fig. 4. Off-shell correction function v.r-r /uYvu for e+ e- (full line) and p+pL- (dashed line) production 

as a function of the invariant mass M of the yy system for 208Pb-208Pb collisions. 

In fig. 5 and fig. 6 we compare coherent yy lepton pair production probabilities 
at RHIC and LHC energies in 208Pb-208Pb central collisions to probabilities of 
other lepton-pair-production mechanisms, i.e. thermal and Drell-Yan production. 
The present numerical results can be compared with the calculations of ref. [81, 
where a low-frequency approximation was made. In the region of applicability of 
this approximation the agreement between the calculations is good. 

In fig. 5 the e+e- production probability is plotted as a function of the invariant 
mass M for RHIC (fig. 5a y = 100) and for LHC (fig. 5b y = 3400) energies. The 
full line corresponds to numerical calculations of eq. (3.14) including off-shell 
corrections via eq. (3.151, while the dashed line shows the thermal production and 
the dashed-dotted line the Drell-Yan production contribution [2]. Recently, ther- 
mal production of low-mass dielectrons in central nucleus-nucleus collisions at 
LHC energies was also studied in ref. 1241. For RHIC energies (see fig. 5a) the 
probability distribution for coherent efe- production is well in the range of the 
other contributions. For energies between 0.5 GeV and 1 GeV the peak structure 
of the predicted thermal production contribution dominates, while for higher 
energies this contribution decreases fast. Above 2 GeV the coherent e+e- produc- 
tion contribution is larger than the Drell-Yan contribution. Above 4 GeV the 
coherent e+e- production contribution becomes smaller than the Drell-Yan one. 

For LHC energies (see fig. 5b) the situation changes only slightly. The region 
where the thermal contribution decreases below the coherent one is shifted to 
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Fig. 5. Differential production probabilities of coherent e+e- production (full line) as a function of the 
invariant mass M in central (b = 0) 208Pb-208Pb collisions in comparison to thermal (dashed line) and 
Drell-Yan (dashed dotted line) production. (a) Double differential production probabilities for RHIC 

energies. (b) Double differential production probabilities for LHC energies. 

higher invariant masses of about 2 GeV. While the Drell-Yan production contri- 
bution seems not to be very much affected by the increase of the Lorentz factor y, 
the thermal and the coherent e+e- production contributions are enhanced. This 
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p+ pm production 
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Fig. 6. Differential production probabilities of coherent p +p _ production (full line) as a function of 
the invariant mass M in central (b = 01 2osPb-208Pb colfisions in comparison to thermal (dashed line) 
and Drell-Yan idashed dotted fine) production. la) Double di~~~r~~ti~l production probabjl~ti~~ for 

RHIC energies. fb) Double differential production probabilities for LHC energies. 

results in a clear dominance of these contributions below 3 GeV. Even above 3 
GeV the decrease of the coherent e +e - production contribution is very slow, 
shifting a possible Drell-Yan dominance to very high invariant masses. 
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For the coherent wFL+p- production probability (fig. 6) we find qualitatively the 
same situation as for the e+e- production. For RHIC energies (see fig. 6a), 
because of the higher mass of the muon, the decrease of the thermal production 
contribution below the coherent production contribution does not set in until an 
invariant mass of 2 GeV. In contrast to the e+e- case, for coherent CL+/.- 
production the Drell-Yan production dominates above 2.5 GeV. 

For LHC energies (see fig. 6b) the thermal and the coherent production 
contributions are enhanced in such a way that below 2.5 GeV the thermal 
contribution dominates but above 2 GeV the coherent one dominates. As a result 
of this enhancement the Drell-Yan production contribution is smaller than the 
coherent one even at higher invariant masses. 

We now turn to the calculation of differential cross sections from eq. (3.14). For 
such calculations eq. (3.14) has to be generalized and integrated over impact 
parameters resulting in: 

&Y = 27rkmb1 db,imb, db,k*ldrp 
2%(M2) 

M 

x Ti( b) N($4 ey, bl) N(~M e-‘, b2). (3.17) 

Because of the explicit treatment of the impact-parameter dependence of the 
photon spectra the function Ti can characterize the type of collision: For T,(b) = 

0(2R - b) the two colliding nuclei overlap and strong interactions take place in 
addition to the electromagnetic ones; we call these types of collisions disruptive 
collisions. The pure electromagnetic processes can be studied in non-disruptive 
collisions characterized by T,(b) = O(b - 2R). The total production cross section 
is given by T,(b) = 1. The authors of ref. [12] used T, and Tt as a convenient way 
to calculate non-disruptive cross sections. In our framework with extended charge 
distributions [see eq. (2.2a,b)] this is not applicable; therefore we explicitly calcu- 
late the different parts. 

The explicit structure of the photon spectra enables us to calculate a differential 
probability distribution as a function of the impact parameter b of the colliding 
nuclei (see fig. 1). Rewriting eq. (3.17), 

2 

gy = 2.rrjmb db T,(b)- 
0 dMdY’ 

we obtain after changing integration variables 

d*P( b) 2a,(M2) cc 
p= 
dh4 dY 

/ 
A4 0 

b, db, N($M ey, bl) 

(3.18) 

x /zrd$ N[+M e-‘, b2(b,, 4>1 
0 

(3.19) 
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From eq. (3.18) the development of the coherent Iepton pair pr~du~t~~n p~~bab~~- 
ity from disruptive to non-disruptive c~~Iisi~~s can be studied expficitly. 

In fig. 7 the coherent e”e- production probability is platted as a function of the 
impact parameters b of the colliding nuclei for 208Pb-208Pb collisions at SPS and 

1 O0 

“I 
I I I I I I I I I t 

0 2 4 6 8 10 12 14 18 18 20 

b (fm> 

0 2 4 6 8 10 32 14 16 18 20 

b ~fm~ 
Fig. 7. Differential production probabilities of coherent e+e- production as a function of the impact 
parameter b in 2osPb-200sPb collisions. For Y = 0 the probability distributions are plotted for two 
characteristic values of the invariant mass M, (a) Double differential production probability for SPS 

energies. (b) Double differentiat production probability for RWJC energies. 
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RHIC energies. For Y = 0 we plotted the distributions for the two characteristic 
values of the invariant mass M. 

For SPS (see fig. 7a) as well as for RHIC energies (see fig. 7b) the probability 
distributions smoothly decrease from a maximum value at b = 0. The distributions 
vary slowly and there are no significant characteristics at b = 2R. The absolute 
values of the probability distribution for RHIC energies are enhanced and the 
decrease for large b is not as strong as compared to SPS. 

To calculate differential cross sections one can evaluate either eq. (3.17) or eq. 
(3.18). A comparison between the results of both equations was used as a check for 
the computer codes. Under purely numerical aspects it is advantageous to use eq. 
(3.17) for the several differential cross sections. 

Fig. 8 shows the results for the differential cross sections for coherent efe- 
production at Y = 0 as a function of the invariant mass M at SPS, RHIC and LHC 
energies. Below 0.5 GeV all differential cross sections are of the order of b/GeV 
to mb/GeV. Above 1 GeV the cross section for SPS energies decreases very fast 
while the others still contribute. This is a result of the general fact that for 
increasing Lorentz factor the available invariant mass regions also increase. 

In fig. 8a the differential cross section for disruptive collisions at SPS, RHIC 
and LHC energies is shown. For low invariant masses all cross sections tend to the 
same values. The cross sections for LHC and RHIC do not differ significantly 
below 1 GeV. This is a result of the saturation property for disruptive collisions for 
increasing Lorentz factors mentioned in ref. [8]. The difference to the SPS cross 
section increases to several orders of magnitude for higher invariant masses. 

Fig. 8b shows the differential cross sections for non-disruptive collisions. All 
cross sections are enhanced nearly one order of magnitude in comparison to the 
disruptive ones. This is a result of the unrestricted impact-parameter range for 
those collisions. For the same reason the saturation property for disruptive 
collisions is not observed for non-disruptive ones: For very low values of the 
invariant mass, the cross sections for RHIC and LHC energies do tend to the same 
value, but for invariant masses above 0.3 GeV they are well separated. For 
invariant masses above 1 GeV the LHC cross section is more than one order of 
magnitude bigger than the RHIC cross section which itself is several orders of 
magnitude bigger than the SPS one. 

So far in the calculations of disruptive and non-disruptive collisions we chose a 
simple sharp cut-off T, and T, in eq. (3.17) to describe the set in of the strong 
absorption effect. It seems to be more realistic to assume a smooth function T, 

which describes the gradual set-in of strong absorption as proposed in ref. Ill]. For 
first calculations it is sufficient to take a well-known Fermi function 

T,(b) = 1 +exp [ (y)]-l, (3.20) 

where z is the thickness parameter. 



10S 

9 IO2 

< 
E IO’ 

loo 
~~ 
“- 
G ro- 

I 
< lo- 

,b 
m lo- 
V 

lo- 

1 

2 

3 

4 
r- 

G. Bow, N. Baron / Coherent photon -photon processes 647 
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Fig. 8. Differential cross sections of coherent ece- production as a function of the invariant mass M 
for Y = 0 in 208Pb-208Pb collisions. Collisions at SPS, RHIC and LHC are mentioned. (a) Double 

differential cross sections for disruptive collisions at SPS, RHIC and LHC energies. (b) Double 
differential cross sections for non-disruptive collisions at SPS, RHIC and LHC energies. 

In fig. 9 we plotted the differential e+e- production cross section at Y = 0 for 
disruptive 208Pb-208Pb collisions at RHIC energies as a function of the invariant 
mass M. The full line corresponds to a calculation in the sharp cut-off model using 
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RHIC: e+ e- production 

“‘P b 

-I 
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M (GeV) 
Fig. 9. Differential cross section of coherent ece- production as a function of the invariant mass M 

for Y = 0 in 208Pb-208Pb collisions. The full line corresponds to a sharp cut-off model using T, , while 

the dashed line corresponds to a smooth cut-off model using r, for the set in of strong absorption 

effects. 

T, , while the dashed line corresponds to the smooth set-in of strong absorption 
using T, with z = 2 fm. The comparison between the two calculations shows that 
the introduction of a smooth set-in of strong absorption effects does not affect the 
differential cross section significantly; a very small shift to lower values is obtained. 
This is in accordance with fig. 7a, b: The very smooth and slow decrease of the 
impact-parameter-dependent probability distribution makes eq. (3.18) very insensi- 
tive to small changes in the integration. Because of the monotony of the probabil- 
ity distributions the smooth cut-off gives somewhat smaller results. 

4. Conclusions 

Coherent yy lepton pair production in ultra-relativistic heavy-ion collisions was 
studied theoretically in the framework of the equivalent-photon method. The basic 
relation between the production probability and the impact-parameter-dependent 
equivalent-photon spectra was derived from first principles within the semiclassical 
method. In our calculation we did not specify the internal process yy *f(k) but 
introduced general amplitudes applicable to every internal process. This is a 
generalization of the method used e.g. in refs. [25,26], where especially the yy 
production of O+ and O- states was considered. 
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From our derivation we obtained a transverse momentum distribution tensor of 
the produced system in a straightforward way. We have seen that the k ,_- 
distributions are sharply peaked around zero with a width of the order of 
Q, z l/R for central collisions. For distant collisions this width will be even 
smaller, of the order of l/b. The transverse momentum distribution for the 
coherent pairs is very sharply peaked around zero which leads to the possibility to 
distinguish them from lepton pairs produced in other mechanisms, like thermal or 
Drell-Yan production. 

We gave numerical results for the coherent yy lepton pair production at SPS, 
RHIC and LHC energies. We compared differential probabilities for coherent 
e+e- and p +p - production to the ones from thermal and Drell-Yan production 
over a wide range of invariant masses. The probability distributions are of compa- 
rable order of magnitude. 

Purely impact-parameter-dependent differential probability distributions were 
calculated. The consistent treatment of the equivalent-photon spectra leads to a 
smooth, decreasing distribution over a wide range of impact parameter values. This 
explicit treatment of the impact parameter dependence of the photon spectra 
enables us to distinguish between disruptive (with strong interactions) and non-dis- 
ruptive (pure electromagnetic interactions) collisions. Calculations of differential 
cross sections for both cases were carried out. Resulting cross sections are very 
large; main contributions originate from the non-disruptive collisions. With in- 
creasing Lorentz factor the cross sections of the non-disruptive collisions are more 
and more enhanced, while for disruptive collisions a saturation effect sets in. We 
introduced, besides the sharp cut-off model for the strong absorption effects, a 
smooth cut-off model. Numerical calculations indicate an insensitivity of the 
differential cross sections for such model variations. 

Several types of differential cross sections which are of interest are left for 
numerical calculations of coherent lepton pair production in the future. The 
general formulation of the equivalent-photon method leads to the possibility to 
calculate differential probability distributions and cross sections for the coherent 
production of other systems, like the Higgs boson. Effects of stopping from strong 
interactions in disruptive collisions are not treated so far. These stopping effects 
(expected to be more important at SPS than at RHIC or LHC energies) will 
modify the equivalent photon spectra in a characteristic way. In turn, this will be 
reflected in the dilepton distribution. Therefore yy dileptons could develop into a 
tool to investigate the time development of the colliding nuclear charge distribu- 
tions. 

In our work we obtained a reliable guide to the characteristics of coherent y 
lepton pair production and their impact-parameter dependence in relativistic 
heavy-ion collisions. 

One of the authors (N.B.) would like to thank the Studienstiftung des deutschen 
Volkes for the support of his studies. 
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